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ABSTRACT

We present J (1.2 #m), H (1.6 #m), K' (2.11 #m) and Br_/ (2.166#m)

imagesfrom four large regionswithin the central 40 pc of the Galaxy. Localized

variations in the extinction, as determined by observationsof the stellar

population, areexaminedusing the medianH-K' color as a function of position

within eachregion. As the value of the derived extinction from the stars is

dependentupon the intrinsic magnitude of the assumedstellar type, the J-H

vs. H-K' diagramsare first usedto investigate the distribution of stellar types

in the four regions. We find that there is a distinct OB population, contrary

to earlier assumptions,with the ratio of K and M giants and supergiantsto

OB stars approximately twice that of the solar neighborhood. Although the

on the scaleof _1_fluctuations in the extinction areon the order of Av _2,

throughout the entire region the extinction variesfrom Av_ 25 to Av g 40.

We also examinewhether there is any variation in the extinction and stellar

numberdensity relative to the unsual radio featuresin these regionsand do not

find a significant correlation.

Spectral imaging in Br7 2.166#m emissionshowsa strong morphological

correspondencebetweenthe 6 cm radio imagesand the diffuse Bry emission.

By comparing the theoretical Br7 flux derived from the radio flux using

recombination theory, with our measuredBry flux, we obtain a second,

independent,estimateof the extinction. We comparethe two data setsand find

that the extinction asderived from the stars is consistently greater, sometimes

by a factor of two, than the valueof the extinction derivedfrom the Br_/images.

The derivedextinction in variousregions,however,is insufficient for any of these

regionsto be located behind the molecularcloudsaspreviously observedin the

Galactic Center, consistentwith the theory that the observedradio emissionis



producedon the foregroundsurfaceof theseclouds.

Subject headings: Galaxy: center-interstellar extinction
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1. Introduction

The Galactic Center (GC) is unobservableat visible wavelengthsbecauseof interstellar

extinction, usually assumedto be Av _ 30, but known to vary between5£Av £ 60

(Catchpole, Whitelock & Glass 1990). The bulk of the extinction is believedto be the

result of cloudsof dust and gaswithin 4 kpc of earth and not due to cloudswithin the

inner few hundred parsecsof the Galaxy (Sanders,Scoville& Solomon1985). Previous

work to quantify the extinction towardsthe GC went to a limiting magnitude of K=12.1,

H=12.8 and J=13.5 (Catchpole et al. 1990),which, as shall be shownin §5, introducesa

bias in the derived extinction. Other photometric studies in the GC havegoneto fainter

magnitudes,but to date thesestudieshavebeenlimited to the inner few parsecs(e.g. Blum

et al. 1996). This work therefore removesthe samplebias of previousstudies and provides

an examination of the variation in extinction and stellar population within _5' of Sgr A.

In addition, this study examineswhether or not there is a correlation betweenvariations

in the extinction and the position of many of the unusual radio continuum featureswhich

make the inner _40 pc of the Galaxy sointriguing.

Prior determinations of the largescaleextinction variations derived from stellar colors

have begunwith the assumption that the stars observedin the GC are predominately

evolvedK and M giants. The validity of this assumptionhasbeenquestionedfor sometime,

at least sinceLebofsky,Rieke&:Tokunaga (1982)first suggestedthat they wereobserving

M supergiantsin the GC and proposedthere had beena recent burst of star formation.

Severalof their M supergiant candidatesweresubsequentlyshown to be M giants (Sellgren

et al. 1987),but IRS 7 was confirmedto be a youngM supergiant (Rieke& Rieke 1989).

Thereforethe assumptiondeemedmost appropriatewas one which included a population

of M giants and supergiants. That this is not the case, however, was suspected when young

Of star candidates were identified within the central parsec (e.g. Forrest et al. 1989; Allen,
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Hyland & Hillier 1990;Krabbe et al. 1991). When additional young massiveWN and

OB stars outside of the central parsecwereunequivocally identified by their spectra (e.g.

Cotera et al. 1996(PaperI); Figer, McLean& Morris 1996),the assumptionof a population

of exclusively K and M giants and supergiantswasno longervalid. Recently,larger scale

NIR observationsof the central parsecshave confirmed that there is a luminous young

population throughout the central 30 pcs (Mezgeret al. 1999,Philipp et al. 1999)

With the discoveriesof O, B and WN star candidatesat severallocations within the

central _40 pc (e.g. Cotera et al. 1994;Nagataet al. 1995;Figer, McLean & Morris 1995;

Blum, DePoy & Sellgren1995;Paper I; Cotera et al. 1999(Paper II)), in addition to a

renewedinterest in the generalcharacterof the stellar populations in the GC (Mezgeret al.

1999,Philipp et al. 1999),there hasalso beena renewedeffort to determine the intrinsic

stellar propertiesof thesestars (e.g. Najarro et al. 1997). In order to accurately address

theseand other areasof GC research,a good understandingof the extinction is necessary.

We have a degenerateproblem however: in order to use the infrared color-magnitude

diagramsto determine the extinction, we must assumean intrinsic stellar type- but which

stellar type to useis no longerobvious. Therefore,beforewe can determine the extinction

from the H-K' colors, in §3.2we usecolor-colordiagramsto estimatea realistic ratio of K

and M giants and supergiantsto OB stars, which we then employ in our estimate of the

extinction.

In addition to the photometric data, we haveusedthe differencein the observedBr7

(2.166 #m) emission from several radio continuum regions, to that predicted from Case

B recombination theory to derive a value of the extinction specifically for these features.

Comparison shows that the extinction derived from radio recombination is up to a factor of

2 less than that derived from the stellar photometry. The Br7 emission images with their

resultant extinction estimates are presented in §4. In §5 we discuss the implications of the
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two data setstaken together and arguethat the radio emissionmust be from the foreground

surfaceof the molecular cloudsin the regionand the stars must also be in front of these

clouds.

2. Observations and Data Reduction

Observations were made at the Anglo-Australian Observatory on 1992 July 13-14 and

1993 June 13-15 with the facility Infrared Imaging Spectrometer (IRIS) which utilizes a

Rockwell 128x128 pixel HgCdTe (NICMOS II) array. The 0.6"/pixel scale was selected

for all observations. IRIS uses the K' filter (central wavelength 2.1 #m; Wainscoat &

Cowie 1992), and standard H (1.6 #m) and J (1.2/am) filters for broad band observations

(differences in the photometric measurements of K and K' are briefly discussed in §3.1). All

data were linearized, bias subtracted, flat fielded and sky-subtracted with the astronomical

software reduction package FIGARO.

We obtained J, H and K' images in four regions shown as shaded areas in Figure 1.

The four regions are: 1) a portion of the Straight Filaments including AFGL 2004 (the

'Quintuplet cluster'), G0.15-0.04 (the 'Pistol ') and G0.18-0.04 (the 'Sickle', Yusef-Zadeh &

Morris 1987b), hereafter referred to as QPS; 2) the Arched Filaments including the E1 & E2

Filaments and G0.10+0.02, hereafter referred to as the E1 & E2 Filaments, (nomenclature

from Morris & Yusef-Zadeh 1989); 3) the region south of the Arched Filaments surrounding

the radio emission regions H1-H8 (nomenclature Yusef-Zadeh & Morris 1987a); and 4) the

radio emission regions A-D just east of Sgr A East (Yusef-Zadeh & Morris 1987a), which

Zhao et al. (1993) call the Sgr A East H II cluster, hereafter referred to as Sgr A East.

A combined broad band J, H and K' image of the E1 & E2 Filaments was presented as

Figure 1 of Paper I, the remaining three images are presented as Figures 2-4 overlaid with

the available 6 cm radio contour maps. The figures are mosaics of 70" x 70" J, H, and K'
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imageswhich arecombinedin a three-color composite. Theseimageswereobtained during

generally goodconditions,with the imageof QPSobtained on a night of _0.8" seeing.For

the other images,the seeingwas_1.0-1.5". Astrometry wasperformed using SAO stars

within the largeimages.In most of the images,however,only two SAO stars wereavailable

which did not allow us to simultaneouslyconstrain the three free parameters: RA plate

scale,Dec plate scaleand rotation angle. Therefore,on the QPS, E1 and E2 Filaments,

and H1-H8 images,positionsare accurateto £2.5". On the imageof Sgr A East, optical

astrometry wasavailablefor enoughof the stars that the positionsare good to ,,_ 1".

Photometry results for all of the images were obtained using the crowded field

procedures suggested for use with IRAF/DAOPHOT. Photometry was performed on the

individual frames rather than the large images, to improve accuracy and provide a means

of determining the errors in the derived magnitudes from the overlapping regions. Each

individual 128x 128 pixel image is extremely crowded; for instance, in each of the 70" × 70"

images at K' there are _400 stars. This crowding, the result of the large number of stars

we observe while looking through the galactic plane, is the primary cause of the derived

errors in magnitudes. Photometric errors are discussed in detail in §3.1. Only one frame

per wavelength was taken at each position, so only one measurement is available for most

stars, which contributes to the uncertainty: the magnitude error is thus 0.16 in K' for the

worst case, although the typical errors are £0.1.

Our sensitivity for these observations varies slightly for each region as the regions were

taken on different nights and in some cases different years. Plots of the log of the number of

stars as a function of magnitude for each of the four regions are presented in Figure 5. Since

we are dealing with a combination of disk and bulge stars, we know from Cohen (1993), that

in the magnitude range we are observing, the log N vs. magnitude is a relatively smoothly

increasing function with decreasing magnitude. Therefore we fit a second order polynomial
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to the regions of the plot unaffectedby either saturation or detection limits: in essence

the well sampled regionsof the plot. In order to determine the limiting magnitudesfirst

we determined the standard deviation (a) of the fit in the well sampledregion . We then

usedthe point at which the data deviated from the fit by _ 5a as the limiting magnitude

in H and K' and _ 3a for J asthe fewernumber of stars detectedin J increasedthe noise

in the fit. The valuesfor J, H and K' determined in this way for eachof the regionsare

presentedin Table 1. The determination of the limiting magnitude at K_in Sgr A East is

effectedby the significant noise in the region usedfor the fit due to the smaller sample,

therefore the limiting K' magnitude presentedin Table 1 is taken to be 3a. In addition to

the limiting magnitudes,Figure 5 illustrates the variations in the number of stars detected

in the different regions. The E1 & E2 Filaments and H1-H8 haveapproximately the same

numbersof stars, which follows asthey coversimilar areason the sky,and were taken in

similar conditions. The data set around Sgr A East hasconsiderablyfewerstars due to the

fact that only a _3'×3 _region is included asopposedto _4_×8_in the E1 & E2 Filaments.

There are significantly morestars detectedin QPS due to the excellent seeingduring the

night of 14 July 1992and notably lower limiting magnitudesin H and K_.

Spectroscopicobservationsof the Pistol, a part of the Sickle,G0.10+0.02,part of

the E2 Filament, H1, H2, H5-H7, HS, and Sgr A East regionsA-D utilized data cubes,

with axesa, 5 and A. The data cubeswere obtained by observingin spectral mode with

a 70"×2.0" slit (resolution R_250) at fixed right ascension while the telescope stepped in

declination at a rate of 36 "/hr, producing pixels which are approximately square in

and 5 with a 0.6"/pixel plate scale. The cubes were flat fielded, straightened and had the

atmosphere removed by dividing by a main sequence G standard, generally taken before

and after each data cube was obtained. Spectra of main-sequence early G standards were

used for all flux calibrations (Allen & Craig 1983). The flux calibration routine assumes the

star radiates as a black body; a temperature of 5600 K was used for all G standards (Allen,
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D. A. 1976). Spectral imagesof eachsourcewere then extracted from the data cubesby

coaddingthe desiredc_, 5 planes (usually 3 planes centered on the emission wavelength) and

using adjacent planes, containing no emission line features, for sky continuum subtraction.

Since the steps in declination used to build up the data cubes were not precisely 0.60",

a result of the limits of telescope pointing accuracy, and there was some drift in RA over the

often hour long integrations, the images extracted from the cubes are slightly irregular in

RA and Dec. Therefore, the radio map overlays used in all figures do not always correspond

precisely to the Br-)' emission images. In addition, since the astrometry of the stellar images

is only good to ,-_ 2.5", and there is a very strong morphological correspondence between

the radio continuum and the Br7 emission, the images which include Br7 emission use the

correspondence between the radio continuum and the Br'y emission to establish positions

which then are accurate to £1". Continuum images were also extracted from the cubes to

determine the position of stars relative to the Br7 emission and the broad band H and K'

images were then overlaid using these stellar positions. Due to the irregular pixel size in the

cubes, the positions of the stars as seen in the continuum images extracted from the cube

do not always correspond exactly with the broad band H and K' images.

3. Photometry

3.1. K vs. K' & Errors

IRIS utilizes the K' filter (2.11 #m) rather than the traditional K filter (2.2 #m). The

K' band as described by Wainscoat _: Cowie (1992), was selected because it reduces the

thermal component of the background allowing for deeper imaging in the same integration

time. In Wainscoat & Cowie (1992), they derive both empirical and observational relations

for the conversion from K' to K, of the form
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K'-K=a(H-K) (1)

where a needs to be determined for out specific observations. Wainscoat & Cowie (1992)

derive a value for a of 0.19 using the central wavelengths of the different bands, and

0.22+0.04 based on observations of nearby stars; when they include two highly reddened

stars c_ = 0.18 + 0.04. For our case, although additional observational calibration would be

best, the value which includes the reddened stars is the appropriate choice. One additional

problem, however, is the fact that the observationally calibrated value was based on

observations performed at Mauna Kea while our observations were taken at the AAT.

In order to assess the effect on the derived relation due to the difference in observatory

locations, we have used the atmospheric transmission code ATRAN (Lord 1992) to simulate

the atmospheric conditions at the two sites. We have convolved these atmospheric models

with the filter functions for H, K and K'. Additionally, in order to investigate any differences

which might arise from stellar type and extinction, we have further convolved the models

with hot and cool blackbody spectra and the extinction curve of He et al. (1995). We

find no theoretical dependence based on stellar type or extinction, but there is a correct

required due to atmospheric differences: going from the AAT and Mauna Kea we find

5a = 0.013 + 0.001. Therefore, adjusting the most appropriate value from Wainscoat &

Cowie (1992) to the AAT, we use a=0.17+0.04 as the most appropriate value, throughout

this paper. We note, however, that absolute values for a derived in the analysis based on

the blackbody curves, were lower than 0.17, which indicates that the values of K', and

quantities derived using this conversion may be overestimates. The value used throughout

this paper for a represents what we believe to be the best estimate possible, given the

various constraints.

In determining the extinction to our sources, we use the extinction law of He et al.
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(1995)which weanalytically transposeto K' usingequation (1) and our derivedvalue for

a. We adopt the value EK,-v/EB-v = -2.72 throughout this paper.

Although the DAOPHOT routine assigns errors to each of the stars based on the

variations in the background and fit to the PSF determined for each individual frame from

stars in that frame, in regions of high confusion such as the GC, it is advisable to make

an independent determination of the errors by comparing the values derived for the same

stars in different frames. We note that the largest errors are seen in the QPS data. On

the night that the QPS data was taken, the seeing was excellent, _0.8". Since our pixel

size is ,--0.6"/pixel, the data for QPS were undersampled, which results in larger errors.

The difficulty of DAOPHOT in fitting stars with a PSF taken from undersampled data is

reflected in errors derived by DAOPHOT which are approximately twice as large for the

QPS stars as for the stars in all the other regions. Each of the images (Figures 2-4) consists

of a mosaic of 70"x 70" images. These individual frames overlap the adjacent images along

their edges by ,-.18" (--.30 pixels). We therefore used stars detected in two images, as well

as those in the corners where four frames overlapped, to obtain additional estimates of the

photometry errors. One caveat to this approach is that as we transition from examining all

stars detected, to looking only at stars found in two overlapping frames, to using only stars

found in four overlapping frames, fewer and fewer stars are examined such that at some

point low numbers statistics must be considered. In the large mosaic images (QPS, E1 and

E2 Filaments, and HI-HS) there were Z1000 stars detected in both H and K _ in regions

where two frames overlapped and ;_300 stars found in J, H, and K' for the same regions. In

regions where four frames overlapped, however, ,-_65-100 stars were detected in H and K',

and only 13-23 for stars found in J, H and K _.

The median error as a function of magnitude for all of the images, using the errors

determined from stars found in two overlapping frames, is shown in Figure 6. As expected,
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the error increasesaswe go to fainter magnitudes. The medianerror wasselectedin the

following analysis,as opposedto the mean, to reducethe influenceof random outliers.

In addition to taking 2 or 4 overlapping frames to determine the errors, three separate

cases,labeled in column 1 of Tables 2a and 2b, were investigatedaccordingto the data

to be presented. A: stars identified in both the H and K' bands. B: stars found in both

the J and K' bands. C: stars which appear at all three wavelengths.The median error

determined for the four large imagesfor various casesare presentedin Tables 2a and 2b.

As the table shows,limiting the stars usedfor analysis to those found in J, H, and K',

generally improvesthe errors for the stars in H and K' asthe selectioncriteria eliminates

the fainter stars which typically havelarger errors. This is consistwith the resultspresented

in Figure 6. Also notable in Table 2a, the error determinedusing four measurementsof the

samestar (cases4A-4C) is ,-,0.01-0.06 magnitudes larger than those determined from only

two overlapping frames. This could be a result of the much smaller sample size available

to determine the median error in the case of stars with four measured magnitudes (e.g., in

the QPS there are 1659 stars in case 2A and only 78 in case 4A). The median error for the

same stars as determined by DAOPHOT are also given in Tables 2a and 2b. The errors

determined by DAOPHOT are consistently lower than those determined by comparing the

same stars in different frames. In all subsequent analysis we use the errors as determined

from two overlapping frames for the appropriate situation (e.g. case C for the J-H vs. H-K'

plot of QPS), as they provide a more conservative error than those derived by DAOPHOT,

and do not suffer from the small number statistics such as those determined from four

overlapping frames. The specific case used to establish the error bars is noted on all plots

and corresponds to the values in Tables 2a and 2b.
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Color-Color Diagrams

The fundamental problem of using broad band colors to determine the interstellar

extinction in regions of high extinction is having two independent color parameters to

constrain: the intrinsic colors of the stars, and the color due to interstellar extinction.

Previously (e.g. Catchpole et al. 1990), the assumption has been that since the population

of stars in the Bulge are old stars, no more OB stars can exist in the GC and thus the

population is assumed to be mixture of K and M giant and supergiants (which we will call

simply KM stars). Recently however, NIR spectroscopy of GC stars has demonstrated that

there are hot young stars within the central ,-_50 pc of the Galaxy (e.g. Krabbe et al. 1991,

Cotera et al. 1994; Figer et al. 1995; Blum, et al. 1995, Paper I, Paper II). Therefore we

must use the available data to examine the assumption of a strictly KM star population

and attempt to derive a more realistic determination of actual stellar population.

We begin to constrain the intrinsic color of stellar population at the Galactic Center by

noting that the only stellar types which can be detected at a distance of 8.0 kpc (Reid 1993),

assuming a minumum of Av=20 and using our observational limits, are stars with intrinsic

Mj £-2.0. For reference, the intrinsic magnitudes of numerous stellar types are presented in

Table 3. Using the derived limit, we immediately see that we are observationally restricted

to most types of OB stars (including those on the main sequence), all M giants and all K

and M supergiants. However, the spectral types of K giants which can be detected in the

J bands drops sharply as a function of increasing Av. For Av£18, we can observe all K

Giants to K0, at Ave20, we can no longer detect spectral type K0, and at Ave25, we can

no longer detect any K giants. Therefore, if we use the J band data in determining our

extinction values, our results would be skewed towards foreground starsl Therefore, we

will use only the H-K' color to determine the interstellar extinction. As we noted above,
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however,wehave two color parametersto determineand it is impossibleto constrain two

parameterswith only one availablecolor. We are thereforeforced to use the J band data,

in conjunction with the H and K' data, to explore the relative stellar populations. By using

the J band data, we are limiting the completeness of our sample; however, the assumption

implied by this approach - the stellar population as measured by observations in J, H and

K' is approximately equivalent to the actual population - is much better than the previous

assumption of no OB stars. Therefore, although there are limitations to the method, it is

the best possible solution given the constraints.

The J-H vs. H-K' color-color diagrams for the four regions are presented in Figures

7-8. On each plot we have included the extinction curve for KM and OB stars, using the

extinction curve of He et al. (1995) where EH-v/EB-v = -2.76, Ej-v/EB-v = -2.25 and

EK,-v/EB-v = -2.72 as explained above. Using the appropriate errors for the specific

data set, we have aiso plotted 1 cT error bars for the extinction curves, which are shown

as shaded regions (see Tables 2a-2b for exact error values). The intrinsic magnitudes

used as the initial point for the two lines are determined by using the average of intrinsic

colors for the two different population groups based on Table 3, with MK converted to

MK, using eguation (1). Throughout the remainder of this paper for the intrinsic colors

of OB and KM stars we use: (Ji - Hi)os = -0.097 + 0.033, (Ji - HiKM = 0.71 + 0.15,

(Hi - K_)oB = --0.044 i 0.025, (Hi - K_)KM = 0.161 4- 0.037.

As can be seen in Figures 7 and 8, many of the stars lie along the KM curve; however,

in all the images except Sgr A East, a substantial number of stars also lie along the OB

curve. In order to quantify these qualitative results, we use the extinction curves of KM

and OB stars to determine which star are contained within the various shaded regions in

Figures 7-8 (the extinction curve plus the estimated la errors). Based on the location of

a star within these error boxes, a spectral type of either KM or OB is assigned. As can
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be seenin Figure 7, in the QPS region some stars are located within the error box of both

spectral types. No effort has been made to force these stars into one type or another, and

the extent to which the samples overlap suggests that the results of the analysis should be

treated with caution. Due to the incompleteness of the sample due to limits at J, these

results should be treated as indicating trends only. Stars outside of the error boxes are

assumed to have either infrared excess or blue excess and are eliminated from the sample.

In order to assess whether or not the scatter in the J-H vs. H-K' plots is actually

the result of sampling two distinct stellar populations or is simply the result of random

photometric errors greater than the estimated values, we looked at the number of stars with

infrared excess versus blue excess in relation to a strictly KM population and a two group

KM and OB population. If the scatter we are seeing is due only to random errors, we would

expect that there should be equal numbers falling outside the error boxes of the different

populations. Looking at stars outside of the error box for the KM extinction curve only,

we find there are 3.5-5.0 times as many stars with red excess as those with blue excess. If,

however, we divide the population into KM stars and OB stars, and look at the number of

stars with blue excess and red excess in comparison to a two group population, we find the

ratio is in fact _ 1.0 - 1.2, consistent with random errors. Therefore, the assumption that

there are in fact two distinct stellar populations, K and M giants and supergiants, and OB

stars, appears to be quantitatively and qualitatively the correct assumption.

One subject of interest to Galactic Center researchers is whether there is a difference

between the stellar populations and the extinction (as derived from the stellar population),

as a function of position on and off the thermal radio emission regions. We explore this

question, but given the constraints necessary in using the J band data, note that the derived

ratios should be treated as upper limits. For each of the 70" x 70" images in the E1 & E2

Filaments and QPS, it was determined whether the position of the frame was coincident
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with predominately thermal radioemission (the Filaments, Pistol or Sickle), non-thermal

emission (the Straight Filaments) or did not correspondto any radio features. For the

HI-H8 region, since there is no non-thermal emission,the regionswere divided into the

thermal emission,the southeastcorner and the northwest corner. Sincethere are only 9
I !

frames for Sgr A East, we looked at the data in columns of ,,_ 1Ew x 3NS. The results of

this analysis are presented in Table 4, which gives the median H-K' and J-H values, and

the average number of stars per frame based on whether they are included on the OB or

KM extinction curve. To check on the significance of any determined variations, we look at

random spatial variations by performing the same analysis going from north to south in

rows of _,,2' (roughly the distance covered by two images).

In the QPS region, the extinction between the various regions shows that there is no

significant increase in extinction on the thermal filaments as opposed to off the filaments, or

on the straight filaments. Actually, the differences in extinction are more significant simply

moving from north to south than any possibly induced by location on or off the radio

regions. In addition, the value of the extinction is far too small for the stars to be interior

to molecular clouds in the region as Simpson et al. (1997) estimated that the extinction due

to the molecular cloud is Av,-_70. Therefore, we conclude that the extinction to the stars is

not effected by the thermal or non-thermal Filaments. In the E1 & E2 filaments, a similar

conclusion is reached, although more variations in the extinction are seen. In Table 4, we

see that the largest extinctions are found in those regions which are off any radio feature. In

addition, we see a definite trend of increasing extinction going from north to south, with an

overall increase of 5Av£5. In H1-H8, once again we see little change with location on and

off the thermal regions, but there is an increase of AvZ4 going from the southeast corner

to the northwest corner. In Sgr A East, going from east to west, we see a decrease in the

extinction, with a total maximum change in the extinction of Av_5.
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The averagenumber of OB and KM stars per frame (with eachframe being

approximately a squarearcminute), is also presentedin Table 4. Theseresults are more

interesting, but giventhe small numbersof stars which fit all the imposedconstraints, they

shouldbe treated with extremecaution. The most interesting result is the total ratio of OB

to KM stars in the different regions.From a compilation of studiesof the stellar populations

in the solar neighborhood,Robin & CrUz@(1986) found that to a limiting magnitude of

My=,0.5, which correspondsto our limiting J magnitudes for a minimum of 20 magnitudes

of visual extinction and the intrinsic colors of the stars under consideration, the ratio

of OB/KM stars is ,_ 1.0 + 0.05. In the QPS region we find OB/KM,,_0.66 (estimated

errors are +0.05 for all regions), in the E1 & E2 Filaments OB/KM,-,0.53, in HI-H8,

OB/KM_0.51; but in Sgr A East, OB/KM,-_0.25, although the number of KM stars in Sgr

A East is consistent with the other regions. In QPS, a region we know to have numerous

OB stars from spectroscopic observations (Figer et al. 1996) in do we see an increase in the

ratio of OB/KM stars, which indicates that although limited, this method does confirm

previously known results. In addition, in all of the regions which contain a significant

amount of thermal radio emission, we see a significant OB population relative to the KM

population. Although none of the regions have the same ratio as the solar neighborhood,

there is a significant number of OB stars that must be taken into account when determining

the intrinsic color of the overall stellar population. In the QPS region, a few additional

trends are noteworthy; the ratio of OB/KM stars coincident with the straight filaments is

,-_0.4, significantly lower than the other regions. On the other hand, in regions where there

is no corresponding radio emission, OB/KMz1.0, which is consistent with the findings of

Figer et al. (1996), as most of the identified hot massive stars lie in the region between the

Pistol and Sickle, off of the primary radio features.

Finally, we examine the average extinction in Av from Table 4 in the various regions

by using the derived H-K' or J-H values, the corresponding stellar type and the following
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equations:
1

av - 0.051[(H - K') - (Hi - KS] (2)

1

Av - 0.104[(J - H) - (Ji - Hi)] (3)

The constants are derived using the extinction curve of He et al. (1995), adapted to K'

using equation (1). Using the same intrinsic colors, (H - K_) and (Ji - Hi), used before for

Figures 7-8, we then derived the visual extinction. For example, for H-K'_l.59, the median

value for QPS, on the thermal filaments, for the OB stars we find that Av_32. In general

we find that the visual extinction as determined from OB stars exceeds that determined

by KM stars by an average of Av_ 6. When combined with the previous analysis which

indicates the ratio of OB/KM stars is _0.5 in the regions observed, this results suggests

that assuming the stars observed in the GC at NIR wavelengths are K and M giants

and supergiants underestimates the visual extinction by ,-_ 2 - 3 magnitudes (see §5). In

converting the average H-K' values to an extinction in Av, one should therefore assume the

intrinsic magnitudes are a combination of an approximately half as many OB stars as KM

stars. Finally, the derived extinction from the median J-H, is consistent with that derived

from the median H-K' to within Av _ 0.7.

3.3. Color-Magnitude Diagrams

We present the K' vs. J-K' diagrams for all four regions in Figure 9, and the K' vs.

H-K' diagrams in Figure 10. The Giant-branch curve for the J-K' diagrams is taken from

Tiede, Frogel & Terndrup (1995) who found that for Baade's Window, the Giant-branch

was best fit by:

(J - K) = (2.00 -1- 0.05) - (0.113 4- 0.005)K (4)

which was converted to K' using equation (1). Consistent with previous observations of

the Galactic Center stars, we see that the observed stars scatter along the Giant-branch
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curve, although at a variety of extinctions. The Giant-branch curve in Figure 10was taken

from observationsof 47 Tuc extendedto higher luminositiesby the observationsof stars in

Baade'swindow (Catchpoleet al. 1990).

When comparingFigures 9 and 10a few things are notable. First, we seethat the

averageextinction indicated using the J vs. J-K' data is consistently lower that than

indicated by the K' vs. H-K' diagram. This supports the assumptionthat the best estimate

of the extinction to the stars in the field should be derivedfrom the H and K' data only to

av.oidobservationalbias. Second,in Figure 9, wenote there is a paucity of stars between

Av_ 10- 20,especiallynoticeablein the QPS regionwherewehavea larger sample. This

suggestswe areseeinga foregroundpopulation separatedfrom the stars at the Galactic

Center by intervening dust and gas,consistent with the proposedcloudswithin 4 kpc of

earth (Sanders,Scoville& Solomon1985).

4. Spectral Imaging

The spectral imagesextracted from the data cubesprovide two important piecesof

information: the location of emissionline stars and an estimateof the extinction towards

the sourcesin question. Threecolor imagesof using emissionimagesderived from the data

cubesarepresentedin Figures 11- 18. In the FiguresBr7 is blue, K' is red, H is green,and

the contoursare the 6 cm radio maps. The K' and H band imagesare taken from the large

mosaicimagesand alignedwith 2.2#m continuum imagesextractedfrom the cube. Several

of the emissionline imagesshowthe location of hot stars, which appearasstrong compact

sources.The nature of thesestars and their spectrawerepresentedin Papers I and II.

The areaswhich wereselectedfor observationsusing the wider slit, drift scanning

method are regionswherethere is strong radio flux consistentwith thermal emissionas



- 20 -

seenin the 6 cm radio maps (Yusef-Zadeh& Morris 1987a,b;Morris & Yusef-Zadeh1989).

Recombinationtheory predicts that there should be detectableBr7 2.16#m emissionin

these regions. In addition, if hot youngstars are located within theseregions,their strong

NIR emissionlines aredetectableascompact sourceswithin the samedata scan. From the

positionsof the variousfeatures in the IR continuum, radio and Br7 images,weare able to

determine if there areexciting stars nearor coincident with the radio emissionregions,and

whether or not suchstars haveextinction valuesconsistentwith that of the diffusegas.

In order to estimate the extinction to these regions,we must first determine the

theoretical flux at Brv (2.16 #m), F_,_ ret'c'_l. From Rubin (1968), we derive:

ri_the°retical -- 89.26 _ O_s erg cm -2 s- (5)
B r _ -- -_Z

where _ is ratio of Br_ photons to Lyman continuum photons, _S is the Case B

recombination coefficient, S_ is the measured radio flux at frequency v, and Te is the

electron temperature. /_ is calculated using the results for Case B recombination from

Storey & Hummer (1995) and Hummer & Storey (1987) for the assumed electron density

and temperature in the Galactic Center (see below). From Rubin (1968) we have that

_e--4.10× 10 -l° T_ °8 which agrees at Te = 104 with the more recent results of Osterbrock

(1989). The above equation is derived using the same approach as that of Doherty et al.

(1994) for observations of ultracompact H II regions, and also produces results within 10%

of those derived using the equation of Smith et al. (1995) for an electron density, n_, equal

to 104 cm -3 and Te = 104K.

For the Galactic Center, typical values of n_ and T_ for the known thermal emission

radio regions vary from region to region. For the Pistol and Sickle, typical ne are _1000-3000

cm -3 (Simpson et al.. 1997); for the regions H1-H8, ne range from _400-3000 cm -3 (Zhao

et al.. 1993). Since the calculated value of _ is very weakly dependent upon electron
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density (varying N2% for order of magnitude changesin the electron density), we will set

ne=1000cm-3. There is alsoa rangeof calculatedelectrontemperaturesvarying from 5500

K for the regionG0.095+0.01(Ericksonet al.. 1991),to 6000K for the Pistol and Sickle

(Simpsonet al.. 1997),to 4200K for the regionH2 (Zhao et al.. 1993). The calculated

value of fi is more sensitiveto temperaturethan density, varying by ,-,25% with a change

in temperature of 2500 K, we therefore assume Te=6000 K, to be consistent with previous

GC calculations (see e.g. Morris & Yusef-Zadeh 1989; Simpson et al. 1997). We therefore

find the best estimate for fi is 0.0170+0.004

Finally, for all of the subsequent calculations we use the 6 cm radio maps. Therefore,

to convert from measured radio flux to predicted Br3' flux for our Galactic Center data, we

find from equation (5) that:

Br_/

Using this equation, the extinction is then given by:

W cm -2 (6)

To determine F_r_ eTved, we summed over those regions of Br-'/ emission which are

described in detail in the following sections. The results are presented in Table 5. Rather

than rely on published flux values, we obtained the copies of the 6 cm VLA radio maps

available at http://imagelib.ncsa.uiuc.edu/project/doeument/95.FY, in order to insure the

closest correspondence possible between the areas summed over in both the radio and our

Br7 images. Comparison of our derived values with those published for H5(W), H1 and H2

by Zhao et al. (1993), indicate our derived radio fluxes are correct to within 10%, which

results in an extinction error of +0.1 dex. The derived values for _-Br_ are presented in

Table 5. These values of _-t_T_give the extinction directly to the radio emission regions, with

no assumptions made as to galactic location or extinction curves. As such they provide a
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completely independentestimate of the extinction to the radio sources,which are believed

to be at the GC (elg. Yusef-Zadeh& Morris 1987a). Comparisonswith the extinction

derived from the stellar population and discussionof the individual sourcesare presented

below.

In addition to BrT, we detected He I (2.058#m) emissionin almost every region.

However, recent work by Shields (1993)and DePoy & Shields (1994)on the useof the

He I/Br7 ratio as a nebular diagnostic indicates that a single ratio value is found for

significantly different nebular parameters;hence, unlessthe electron temperature and

density are well known, useof this ratio to determine the temperature of the ionizing

sourcewas not particularly effective. In addition, there are problemsproperly subtracting

the atmosphereat the 2.058#m line, especiallyduring long drift scans,thereby further

reducing the quality of any derived ratio. Finally, Shields (1993) found that the dust

content and internal velocity distributions significantly effectedthe line ratio. Therefore,

since the requisite detailed information is not known for the regionsunder consideration,

and we are dealing with complexmorphologies,rather than the moresimple planetary

nebulaeinvestigatedin DePoy & Shields(1994),the He I/Br3, is not usedin the analysisof

these regions.

4.1. Quintuplet, Pistol and Sickle

Three data scansweretaken in the QPS region; the one taken at the southern end

of the Sickledid not showBp/emission significantly aboveour noiseand therefore is not

presented. In addition to the emissionfrom the Pistol itself, the emissionimageof the

Pistol revealedfour emissionline stars discussedin detail in Paper I. In the combined Br7

H, K', and radio image, presentedin Figure 11, weclearly seethat the diffuse emission
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from the Pistol closely follows the radio emission. Directly above the Pistol, there are

two compactsources(numbers8 and 10) which correspondto two stars that are part of a

group of stars known alternately asAFGL 2004,or the Quintuplet Cluster after the five

luminous cool stars (numbered1, 2, 3, 4 and 9 in Figure 11), originally detectedin K band

images(e.g. Nagataet al. 1990). In addition to #8 and #10 directly abovethe Pistol,

weseea compact sourcein the extremeupper left cornercorner, correspondingto a star,

which wecall SourceB. Directly below the Pistol weseea compact source,we call Source

A in Paper I, which has recently beenobservedwith HST (Figer et al. 1998),and is now

known as the 'Pistol Star'. The Pistol Star is a singlestar which may be one of the most

massivestarsyet detected (Figer et al. 1998),and correspondsto a slight peak in the radio

emission(Paper I). In comparisonto the other stellar sourcesin our imageit appearsto be

slightly extended. The spectra and discussionof the stars is presentedin Paper I and is

also discussedby Figer et al. (1996)and Morris et al. (1996). We also detectedsignificant

He I 2.058#m emissionfrom the Pistol which followsthe Br7 emission. Notable in the He I

image,however,is the lack of emissionfrom the Pistol Star.

The Br7 emissionimage of the Sickle (G0.18-0.04,Figure 12), is interesting for a

number of reasons.As seenin the other images,the morphology of the Br7 emissionis

similar to the radio emission,both of which areextremely clumpy. Although the emission

comesfrom a seriesof compact knots, none of the knots correspond to stars in the

continuum images.In addition, there areno emissionstars detected in this scanalthough

there may be additional OB stars nearby (seeFiger et al. 1996). The Sickle is the only

scan in this data set to cover portions of the Straight Filaments (seeFigure 1) which are

approximately constant in declination at Scale,so would be parallel to the x-axis in the

image. No emissionfrom the Straight Filaments is seen,consistentwith the nonthermal

nature of that emission.
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4.2. E1 and E2 Filaments

The radio emissionregionG0.10+0.02is the site of the strongest6 cm radio emission

in the Arched Filaments and the radio map also showsseveralclumps of concentratedflux

within the region. From the observedFIR emissionlines Erickson et al. (1991)estimated

that numerousO stars are neededto ionize the region. The Br7 emissionimage of the

regioncombinedwith the H and K' imagesand overlaid with the radio contours is shown

in Figure 13. In the imagewe seethat the diffuseemissionis again similar to the radio

emission. In the upper left region of the image, there is a compact Br7 emissionsource,

labeled 'A ', which is coincident with a star . The spectrum of the star is discussedin

detail in Paper II and appearsto be either an extremeOf star or a late type WN star. As

can be seenin Figure 13, however,no emissionline stars are embeddedwithin the radio

region itself. The spectraof severalof the stars lying interior to the bottom of G0.10+0.02

wereextracted from the data cube of the region: none exhibit emissionlines, and all had

indications of CO absorption at _2.3 #m, indicating they are cooler M giants and therefore

unlikely to be the ionization sources for the region.

Only one region north of G0.10+0.02 along the E2 Filament was observed with a

spectral scan. The location of the scan, labeled "E2 Filament" in Figure 1, is at a peak

in the 6 em radio emission. The three color Br7 emission image is presented in Figure 14.

Once again the Br7 emission has the same appearance as the radio emission; however, in

the E2 Filament Br7 image, no compact emission sources are seen. In both G0.10+0.02 and

the E2 filaments, the He I emission images at 2.06 #m were extracted from their respective

data cubes but yielded little additional information as the flux was not significantly above

the background.
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4.3. Regions H1-H8

H1-H8, a group of compactH II regionsbetweenSgr A and the Arched Filaments,

do not appear to be morphologically related to theseregionsother than by their apparent

proximity. To date, little IR work hasbeendoneon the H1-HS, although they are believed

to be in the GC (Yusef-Zadeh& Morris 1987b;Zhaoet al. 1993). In H1, presentedin Figure

15, weseeonceagain seethe similarity of the diffuse emissionand the radio emission.

Although there are stars within the region,noneshow significant line emissionabovethe

diffusebackgroundlevel. There arestars located coincidentally along the arc of diffuse

emission,but whencomparedto the stars found in the other imagesdo not stand out. This

is the only region in this study wherethe emissionmapped in Br7 and the radio is also

detectedin the KI image. In the extremeright of Figure 15, the Br3,emissioncorresponds

to regionH2 which is shownmore clearly in Figure 16. In the Br7 imageof the H2 region,

the radio morphology is again reproduced;this is particularly apparent in the arc feature

below the bright compact regionwhich seemsto connectto the H2 region. There are two

compactemissionfeatures at the peak of the H2 emission,one of which is likely a B[e]

star and the other a Red Giant or Supergiant,both discussedin Paper II. At the peak of

H2, neither the Br7 or the radio emissionare perfectly spherical, but instead are slightly

elliptical, with the major axis of the ellipselaying on an axisbetweenthe two stars (ascan

clearly be seenin Figure 16). Therefore,it seemslikely that both stars areassociatedwith

the region H2.

Nearer to the Arched Filaments, observationsweremade of the region including the

westernsection of H5, and all of H6 and H7. In the Br7 image (Figure 17), we seean

interestingemissionline star. The star, labeled 'A ', is located to the east of the crescent

of emission from H5 and is nearly at the center of curvature for the entire H5 region (see

Paper II, Figur e 7). In Paper II we argue that based on both morphological and empirical
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grounds, this star is responsiblefor the ionization of H5. Also seenin Figure 17 is the

emissionfrom the nearbyregionsH6 and H7. The emissionfrom H6 is extremely faint while

the emissionfrom H7 is more easilyseen.It is most likely that H7 is a compact H II region,

although in the continuum imagesthere are two possiblestars which may be associated

with H7.

Finally, a drift scanwasmade of the region including H8 (Figure 18), and a star was

determined to be located within the region. The spectrum of this star indicates it is very

likely a B[e] star, a more detailed discussionof its stellar type is presentedin Paper II.

4.4. Sgr A East, Regions A-D

The radio emission to the east of Sgr A East, regions A-D (Figure 19), comes from

sources which are much more compact and spherically symmetric than most of the previous

regions. However, the regions appear to be slightly distorted in the direction of the Sgr

A East. Yusef-Zadeh & Morris (1987a) have suggested the curvature in the flux is due to

interaction with the expanding SNR in Sgr A East. In the Br7 emission image (Figure 19),

we see both the emission from the probable H II regions, and a compact emission line star

adjacent to region A. This star is fascinating as it contains some of the strongest, broadest

lines of any star seen in the area and is almost certainly a WN6 star (see Paper II). To the

left (east) of region D, we see two faint emission sources, which could be additional stars,

however, results from the other images suggest that if the emission were stellar, it would

be much stronger as compared to the diffuse emission. Therefore this faint emission may

be the result of difficulties in background subtraction as the sky conditions varied over the

1.5 hour scan integration time. Finally, the regions A-D have the strongest He I 2.058 #m

emission of any of the sources.
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5. Extinction

As seenin §3.3,the inclusionof J band data introducesa biastowardsforegroundstars,

thereforewe useonly the H and K' data to derive the extinction to the regionswhich we

will comparewith the Br7 extinction. In addition, sincewe will be usingthe averagevalue

of H-K', we further restrict the sampleto stars with 0.8NH-K'_3.0, to eliminate obvious

foregroundstars and to avoid the problemof incompletenessaswe moveto fainter values

of H. We also do not take stars with H below the limiting magnitude for the given regions

as presentedin Table 1. The averagecolor valuesby frame are presentedFigures 20-23

overlaid on the radio contours. The error on the determinedaveragecolor is _0.02 dex.

The previousstudy of this kind in this region (Catchpole et al. 1990),had limiting

magnitudesof H=12.8 and K=12.1 and assumedthe stellar population was comprised

only of K and M stars. With our limiting magnitudes of K'_14-15 and H _15-16, we

are observing4-18 times more stars than the previousstudy. If, usingour data sets,we

recalculatethe averagecolorsimposing the limiting H magnitudeof Catchpoleet a1.(12.8)

we find that the derived extinction valuesdecreaseby AvN1-4 magnitudes(assuminga

population of K and M stars only). Thus, if we restrict our data to the samepopulation

observedby Catchpole et al. we find the calculated averageextinction valuesdecreasesby

15%. However,we have argued (§3.2) that the stellar population is a mixture of OB and

KM stars. Assuminga mixed population we find the visual extinction given by Catchpole

et al. is underestimatedby 4-7magnitudes,or by _20%.

In §3.2,wesaw that, exceptfor the region near Sgr A East, the stellar population is

divided approximately into twice as many K and M giants and supergiantsas OB stars.

Therefore, to derive the extinction in AK from the numbersgiven in Figures20-22,we use

a weightedaveragevalue for thesestellar types, (Hi -K_) = 0.11i 0.01,with K converted

K' using equation (1). The derivedvaluesof AK for the regionsstudied using the Br_/
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mapsare presentedin Table 6. For the region Sgr A East, sincethe ratio of OB/KM stars

_0.25, and we havevery few stars on which to make this assessment,we have assumed

that the stars are best representedby K and M giants and supergiants,and therefore use

(Hi - K:)KM = 0.16 to calculate AK for regions A-D.

As can be seen in Table 6 the values derived from the Br3, studies, except in the regions

H1 and H6, are consistenly lower than those derived by looking at the corresponding stellar

populations, up to a factor of two in a few cases. One possible explanation for this is that

the values of the radio flux taken from the VLA map are underestimated due to the losses

inherent in interferometric observations. To check on this possibility, we have used the single

dish 43 GHz map of Sofue et al. (1986) to derive the radio flux to the two regions in this

study which can be isolated in the 43 GHz map: G0.10+0.02 and the Sickle. We find that

for G0.10+0.02, from the 43 GHz map _-Br_ _ 2.6 as compared to 2.1 from the 6 cm radio

map. For the Sickle, we find that _-Br_ derived from the 43 GHz map is the same as that

derived from the 6 cm map. These comparisons, however, suffer from differences in beam

size and an inability to accurately match corresponding regions in our NIR observations

and the 43 GHZ observations. Therefore, as a second check, we calculated the extinction

we would derive from our Br_/data if 50% of the VLA emission was lost. The results of this

comparison are listed in column 3 of Table 6. By assuming that there is emission missing in

the VLA radio observations, we can reconcile our estimates of the extinction derived from

the measured Br 7 emission to that derived from the stellar population in the Pistol, Sickle,

H1, H5-HT, and D.

The derived extinctions in regions H2 and HS, however, cannot be reconciled by

assuming radio losses. This is most likely a result of the Br3' emission in these two

regions having a strong stellar component. In these cases, it is not expected that Case B
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recombination theory would providean accurateestimate of the Br7 emission(Thompson

1984).The fact that the extinction valuesin regionD can be reconciledassumingonly radio

lossessupports the idea that the emissionlines seencoincident with a star at that location

(Paper II) arenebular rather than stellar in origin sincea strongstellar contribution would

suggesta greater discrepancyin extinction estimates.

The remaining regions,G0.10+0.02,the peak of the E2 Filament, and A-C, are more

difficult to understand. Onepossibility is that these regionsare foregroundobjects. For

G0.10+0.02and the E2 peak,however,this is not a particularly good explanation as

the Arched Filaments are apparently interacting with the Straight Filaments (Morris &

Yusef-Zadeh1989),and the observedradio emission is likley on the surfaceof a dense

molecular cloud which we would not anticipate penetrating (Serabyn& Glisten 1987).

In addition, the data from G0.10+002and the peak of the E2 Filament havethe lowest

signal-to-noisedata in the set, and the derived analytical errors may haveunderestimated

the quality of the measurements.In the regionsA-C, however,no suchproblemexists, and

the possibility that theseregionsare in fact foreground objects cannot be ruled out by this

analysis.

The primary conclusionthat canbe drawn from this comparisonis that the ionized gas

seenin the radio mapscannot be embeddedwithin the coincident molecular clouds. The

extinction within the +25 km s-1 cloud, co-locatedwith the Sickle,hasbeenestimated to

be Ave70 (Simpsonet al. 1997),thereforeno stars would beobservablebehind this cloud.

In addition, if the ionized gasobservedin the radio and IR were interior to this cloud,

the extinction derived from the Br7 data, would be expectedto be much larger, but again

this is not the case.The observedionized gas is therefore most likely on the front face of

the molecularcloudsassuggestedearlier by Serabyn& Glisten (1987). However,with the

effectsfrom possibleunderestimatesof the VLA radio flux and the difficulties in matching



- 30 -

the areasobservedwith'the 43GHz map with the data presentedhere,determiningwhether

the ionized gas is also in front of part of the stellar populations is problematic at best.

Finally, given the potential errors in the extinction asestimatedfrom a comparisonof radio

and Br'), data discussedabove,the extinction valuewe derive from the stellar population

appearsto be the moreconsistentand reliable of the two methods.

6. Conclusions

Thereappear to be no correlationsbetweenthe variations in the local stellar population

and the location of the radio emissionregions: there areno increasesin stellar density with

location on or off the radio regions,and no apparenteffect in the averagestellar extinction

with location on the thermal emissionregions. Studiesof the stellar population indicate

that the ratio of OB to KM stars is about half that of the solar neighborhoodin several

regions. This contradicts the assumption that all of the stars in the GC are evolvedK

and M giants and supergiants,and providesfurther evidencethat there has beenrecent

star formation in this region. In addition, previousextinction estimatesmay be too low

by _20% due to the limiting H and K magnitudesand the assumedstellar population.

The derived extinction directly to the radio emissionregionsis in general, lessthan the

stellar population indicating, at a minimum, that the emissionseenfrom theseregions in

on the faceof the observedmolecular clouds,and someof the regionsmay be closerthan

the Galactic Center. In addition, the ionization of these regions is stellar in origin as many

of the regions have either nearby, or embedded emission line stars.
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Fig. 1.-- Position of the infrared imagespresentedin this paperoverlaidwith the 6 cm radio

contours (Yusef-Zadeh& Morris 1987a).The shadedareasindicate the regionswhere large

broad band imageswere obtained. The labeledregions indicate radio regionsalso observed

in Br7.

Fig. 2.-- Three color J, H, K' imageof the QPS region. J is blue, H is greenand K' is red.

The imageis a mosaicof 24 70"x70" images,obtained in a 4x6 array. Seeingfor the image

was_0.8".

Fig. 3.-- Three color J, H, K' imageof the H1-H8 region. J is blue, H is greenand K_is

red. The imageis a mosaicof 3070"x70" images,obtained in a 5x6 array.

Fig. 4.-- Three color J, H, K' imageof the SgrA East region. J is blue, H is greenand K' is

red. The imageis a mosaicof 9 70"x 70" images,obtained in a 3x 3 array. The enhancement

of stars seenin the"northwest corner, is the concentration of stars along the plane of the

galaxy.

Fig. 5.-- The log of the number of stars versusmagnitude as detectedin eachof the four

regions. As can be seen,many more stars were detected in the QPS region due to the

subarcsecseeing.The smaller total numberof stars in SgrA East region is due the result of

having taken fewer imagesof this region.

Fig. 6.-- Median error in magnitude vs. median K magnitude. The largest errors are in

the QPSframes,due to undersampling(seetext). As expected,the error generally increases

with increasingmagnitude.

Fig. 7.-- The Color-Color diagram for QPS and the E1 and E2 filaments. Errors bars are

shownin the lower right corner along with the caseused (seetext for details and Table 2a

for numbers). The shadedboxes are the estimated errors applied to the referencestellar
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extinction curves. Stars within theseboxes are assumedto be of the samestellar type as

the nearestspectral curve.

Fig. 8.-- The Color-Color diagram for the regions H1-H8 and Sgr A East. Errors bars are

shown in the lower right corner along with the case used (see Table 2b). The shaded boxes

are the assumed errors applied to the reference stellar extinction curve.

Fig. 9.-- The K' vs. J-K' diagram for all the regions. Errors bars are shown in the lower

right corner along with the case used (see Tables 2a-2b). The Giant-branch curve is from

Tiede et al. (1995) and the extinction curve that of He et al. (1995) both reference curves

have been adjusted to K' using equation (1).

Fig. 10.-- The K r vs. H-K' diagram for all the regions. Errors bars are shown in the lower

right corner along with the case used (see Tables 2a-2b). The Giant-branch curve is from

Catchpole et al. (1990) and the extinction curve that of He et al. (1995) both adapted to K'

using equation (1).

Fig. 11.-- Three color image of G0.15-0.04, the 'Pistol'. K' is red, H is green, Br'y is blue.

Overlaid with the VLA 6 cm radio contours (Yusef-Zadeh & Morris 1987a). Numbered stars

8 and 10, and lettered stars A and B correspond to stars with emission line spectra which

were discussed in Paper I.

Fig. 12.-- Three color image of G0.18-0.04, the 'Sickle', overlaid with the VLA 6 cm radio

contours (Yusef-Zadeh & Morris 1987a). K' is red, H is green, Br_, is blue.

Fig. 13.-- Three color image of G0.10+0.02. K' is red, H is green, Br_/is blue. The source

labeled A in the upper left is a compact source we believe to be an emission line star. The

spectrum ofthis hot young star and a discussion of its stellar type is presented in Paper II.

Fig. 14.-- Three color image of the radio peak in the E2 Filament. K' is red, H is green,
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Br7 is blue.

Fig. 15.-- Three color partial imageof the compact regionsH1, left, and H2, right. K' is

red, H is green, Br7 is blue. SeeFigure 1 for location relative to the Arched Filaments and

the Sgr A West halo. No emissionline stars are apparent in this image, but the centerof

curvature of H1 wasnot coveredby this scan,sothe presceneeof a hot star in this region is

not precluded.

Fig. 16.-- Three color imageof the compact region H2. Kt is red, H is green,Br7 is blue.

The star labeled A hasan emissionspectrum indicative of a B[e] star. The star labeled B

has the deep CO absorption featuressuggestingan M supergiant. The stars are discussed

in moredetail in Paper II.

Fig. 17.-- Three color imageof the compact regionsH5-H7. Kt is red, H is green, Br_, is

blue. The star located within the emissionof H5, labeled A, showsstrong compact Br7

emissionand could be a B[e] or possiblyan LBV star. See Paper II for details.

Fig. 18.-- Three color image of the compact region H8. K' is red, H is green, Br_/is blue.

The star seen in conjunction with the region is the only one to shown Br3, in emissin and is

most likely a B[e] star. See Paper II for details.

Fig. 19.-- Three color image of the compact regions A-D located to the east of Sgr A East.

K' is red, H is green, Br_, is blue. The emission star marked with the asterisk is a WN 6 star

as discussed in Paper II.

Fig. 20.-- Average H-K' for the QPS region. Each number is centered on the location of

the individual image used to derive the color. Each image is ,,_l'x 1'.

Fig. 21.-- Average H-K' for the E1 & E2 Filaments. Each number is centered on the

location of the individual image used to derive the color. Each image is _-,l'x 1'.
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Fig. 22.-- AverageH-K' for the H1-H8 region. Eachnumber is centeredon the location of

the individual imageusedto derive the color. Each imageis _l'xl'.

Fig. 23.-- AverageH-K' for the Sgr A East region. Eachnumber is centeredon the location

of the individual imageusedto derive the color. Each imageis ,,ol'x 1'.



TABLE 1. Observational Limiting

Magnitudes

Region I J H K'

QPS
E1 &: E2 Filaments
H1-H8

Sgr A East

17.9

18.1
18.0

17.8

16.3
15.0

16.0

15.7

14.9
13.9

14.0

14.1



TABLE 2A. Median Errors for Continuum Images

Case

I

Band

QPS E1 &
Number Number

of stars Mag a DAOPHOT of stars Mag

E2 Filaments

a DAOPHOT

2A

2B

2C

4A

4B

4C

K !

J

K'

H

J

K I

H

K !

J

1659 13.46 0.076 0.065

14.95 0.059 0.068

515 12.18 0.072 0.040

16.62 0.052 0.061

492

78

24

23

12.18 0.071 0.040

13.56 0.047 0.043

16.65 0.052 0.062

13.02 0.127 0.057

14.65 0.097 0.062

11.84 0.137 0.040

16.52 0.077 0.060

11.73 0.130 0.037

13.11 0.082 0.043

16.47 0.077 0.059

1636 12.00 0.050 0.034

13.81 0.051 0.040

303 10.62 0.038 0.018

15.80 0.040 0.040

299

103

18

17

10.61 0.040 0.018

12.27 0.037 0.016

15.80 0.038 0.038

11.81 0.078 0.032

13.43 0.070 0.034

10.56 0.063 0.017

15.50 0.065 0.030

10.05 0.061 0.017

11.69 0.077 0.013

15.53 0.063 0.029

TABLE 2B. Median Errors for Continuum Images

Case

2A

2B

2C

4A

4B

4C

I

Band

H1-H8 Sgr A East
Number Number

of stars Mag a DAOPHOT of stars Mag a DAOPHOT

!

J

K'

H

J

K'

H

K'

J

1289 12.87 0.046 0.037

14.65 0.056 0.046

316 11.94 0.036 0.026
16.80 0.054 0.043

309

67

13

13

11.93 0.035 0.025

13.36 0.036 0.025

16.79 0.052 0.042

12.86 0.079 0.039
14.57 0.087 0.043

11.70 0.071 0.030

16.59 0.075 0.043

11.71 0.072 0.030

13.36 0.057 0.027

16.58 0.075 0.040

215 12.18 0.049

13.90 0.045

62 11.30 0.043
16.00 0.039

62 11.30 0.043

12.58 0.033

16.00 0.039

9 11.45 0.056
12.91 0.064

. . °

1 . . .

0.023

O.040

0.016
0.030

0.016

0.017

0.030

0.016

0.030



TABLE 3. Intrinsic Infrared Magnitudes

Type Mva MK MK,b MH Mj

MainSequence(V)

O5c -5.7 -4.81 -4.82 -4.89 -4.97
B0c -4.1 -3.34 -3.35 -3.41 -3.52
B5c -1.1 -0.68 -0.70 -0.77 -0.77
A0d 0.7 0.70 0.70 0.70 0.70
F0d 2.6 1.90 1.91 1.93 2.06
GOd 4.4 2.99 3.0 3.04 3.35
K0d 5.9 3.94 3.95 4.02 4.47

M0 d 9.0 5.35 5.37 5.52 6.21

Giants (III)

O5 c -5.4 -4.52 -4.53 -4.60 -4.72

B5 c -5.0 -4.31 -4.33 -4.40 -4.49

B0 _ -2.4 -1.99 -2.00 -2.05 -2.09

GO d 1.1 -0.65 -0.64 -0.59 -0.20

G5 d 0.7 -1.40 -1.39 -1.32 -0.84

K0 d 0.5 -1.81 -1.79 -1.72 -1.18
K5 a -0.2 -3.80 -3.77 -3.64 -2.85

M0 d -0.4 -4.25 -4.22 -4.06 -3.24
M5 d -0.8 -6.76 -6.71 -6.48 -5.53

Supergiants (Ia)

O5 c -8.4 -7.50 -7.51 -7.53 -7.69

B0 c -6.7 -6.09 -6.09 -6.11 -6.22

B5 c -6.9 -6.69 -6.69 -6.69 -6.76

K5(Ib) e -4.6 -8.10 8.08 -7.96 -7.35
M0 e -7.5 -11.3 -11.3 -11.13 -10.58

M2 e -7 -11.1 -11.1 -10.89 -10.34

aAllen, Astrophysical Quantities

bDerived from equation (1)

¢Infrared colors from Wegner & Walter (1994)

dInfrared colors from Bessel 8z Brett (1988)

eInfrared colors from Elias et al. (1985)



TABLE 4. H-K', J-H, and AverageNumber of stars by Location and Stellar
Type

I
I H-K' J-H Ave. #of stars/Frame

OB KM OB KM OB KM

QPS

On 1.59+0.01 1.48+0.01 3.26+0.01 3.36±0.01 20 32

Off 1.60+0.02 1.49+0.01 3.27+0.05 3.50+0.01 21 20

Straight 1.55+0.02 1.45+0.01 3.19+0.04 3.37+0.03 11 30
Row 1 1.53+0.01 1.45+0.01 3.28+0.03 3.38+0.02 14 22
Row 2 1.60+0.01 1.52+0.01 3.34+0.03 3.55±0.01 23 29

Row 3 1.58+0.01 1.45+0.01 3.31+0.02 3.38+0.02 26 30

E1 and E2 Filaments

On 1.89+0.04 1.73+0.04 3.91+0.10 3.88+0.07 5 10

Off 1.96t0.09 1.80±0.03 4.034-0.19 4.034-0.05 6 12

Straight 1.67±0.01 1.56±0.01 3.46±0.01 3.59±0.01 8 15
Row 1 1.664-0.01 1.54±0.02 3.44±0.01 3.58±0.01 8 16

Row 2 1.854-0.04 1.74-t-0.04 3.904-0.14 3.92±0.08 9 13

Row 3 1.804-0.02 1.78i0.03 3.75±0.01 3.97±0.04 4 12

Row 4 1.98+0.10 1.81±0.10 4.12+0.23 4.09+0.22 5 7

H1-H8

On 1.744-0.02 1.58+0.01 3.59+0.02 3.654-0.03 7 15

NW 1.83+0.02 1.60±0.02 3.75+0.05 3.58+0.02 10 7

SE 1.634-0.05 1.56±0.01 3.44±0.03 3.60±0.01 8 20

Row 1 1.86±0.02 1.63=t=0.01 3.78±0.02 3.69+0.02 6 11

Row 2 1.77+0.03 1.64±0.02 3.644-0.07 3.77±0.07 8 14

Row 3 1.65±0.04 1.53+0.02 3.44:i:0.05 3.544-0.01 9 22

Sgr A East

Column 1 1.514-0.03 1.69+0.01 3.334-0.15 3.93±0.04 1 14

Column 2 1.594-0.03 1.45+0.01 3.39±0.06 3.39±0.02 7 12

Column 3 1.85±0.31 1.48+0.02 3.97±0.68 3.51±0.05 1 10



TABLE 5. Observedvs. TheoreticalBr7
emission

I MeasuredBr7 6cm vBr-_
Region Figure (10-20W cm-2) (mJy)

QPS

Pistol 13 5.73+0.08 520 2.6

Sickle 14 12.6-1-1.2 1000 2.4

I E1 & E2 Filaments

G0.10+0.02 11 19.05=0.7 990 2.0

E2 Peak 12 19.55=3.0 260 0.6

[ H1-H8

H1

H2

HS(W)

H5(E)
H6
H7

H8

15 2.2+0.1

16 11.75=4

17 6.2±0.4
17 O.635=0.08

17 I 0.076-/-0.003
17 0.395=0.10

18 0.455=0.01

470

500
510

45

16

45

16

3.4

1.8
2.5

2.3

3.4

2.8

1.6

A
B

C1

C2

D

Sgr A East

19 17.15=0.4
19 3.24-0.2

19 3.14-0.2

19 1.14-0.1

19 0.634-0.06

420
100

87

24

42

1.2

1.5

1.4

1.2

2.3



TABLE 6. Comparison of AK

[ Photometry Derived from Derived from Br 3,

Br_/Extinction (assuming radio losses)

Pistol 3.0 2.7 3.0

Sickle 3.0 2.5 3.2

G0.10+0.02 4.2 2.1 2.8

E2 Peak 3.3 0.6 1.4

H1

H2

H5

H6

H7

H8

A

B

C1

C2

D

3.6

3.7

3.6
3.6

3.6

3.6

2.8
2.8

2.8

2.8

2.8

3.6

1.9

2.5
3.6

2.9

1.7

1.3

1.6
1.5

1.3

2.4

4.3

2.6

3.2
4.3

3.6

2.4

2.1

2.3

2.2

1.9

3.1
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